MICRORNAS (MIRNA OR MIR) ARE short, endogenous, noncoding RNAs that negatively regulate gene expression at the posttranscriptional level. By targeting multiple genes, often involved in related signaling pathways, they are important for various aspects of homeostasis and disease, including cardiovascular and kidney disease (10, 31, 37) . Previously, it has been shown that their presence in plasma could be of great diagnostic and even prognostic value (9) . Apart from being released following cell death or injury, miRNAs can be selectively packaged inside intracellular exosomes, actively secreted into the circulation, and transferred to other cells (39) . Therefore, it occurs that miRNAs are important for intercellular cross talk, modulating protein expression of the recipient cells (13) . Moreover, miRNAs may represent novel therapeutic targets, since there is now ample evidence that miRNA levels in vivo can be regulated by the use of anti-miRNAs (43) . miRNAs contribute to both development and progression of chronic kidney disease (CKD) and might add to the increased cardiovascular risk in these patients (24, 37) . The high prevalence of cardiovascular disease in CKD is the result of a complex interplay of several mechanisms, including endothelial dysfunction and vascular calcification (11) . Exercise training is an effective way to reduce this cardiovascular risk and to improve exercise capacity, also in CKD patients (15) . The analysis of miRNAs can improve our understanding of adaptations to exercise and training at the gene expression level in CKD.
In this regard, previous work has already demonstrated that both brief exercise and exercise training transiently or adaptively change several circulating miRNAs in athletes and healthy volunteers (2, 6) . However, little is known about baseline values and variation in miRNA levels following exercise in CKD patients. We tested the hypothesis that plasma profiles of specific miRNAs involved in angiogenesis (miR-126, miR-210), inflammation (miR-21, miR-146a), hypoxia/ ischemia adaptation (miR-21, miR-210), and progenitor cell biology (miR-150) are affected following both acute and chronic exercise in CKD.
The aims of the present study were 1) to examine the effects of acute exercise (i.e., an acute exercise bout) on plasma levels of miR-21, miR-126, miR-146a, miR-150, and miR-210 in patients with CKD compared with healthy controls; and 2) to evaluate whether plasma levels of miR-21, miR-126, miR146a, miR-150, and miR-210 at rest and after acute exercise are influenced by chronic exercise (i.e., an aerobic exercise training program of 3 mo). Additionally, the effect of chronic exercise on the acute exercise-induced response of seven other miRNAs involved in angiogenesis (miR-17, miR-92a, miR-130, miR-24), hypoxia/ischemia adaptation (miR-24), and vascular calcification in CKD (miR-125b, miR-145, and miR-155) was studied in a subgroup of patients.
METHODS
Study population and design. The effect of acute exercise on plasma miRNA levels (study 1) was studied in 32 ambulatory patients with CKD stages 1-5. Twelve healthy subjects (HS), without relevant medical history or pharmacological treatment, served as controls. All participants were called in for a cardiopulmonary exercise test (CPET), and refrained from excessive physical exertion 24 h before the test. Venous blood was sampled immediately before and 10 min after peak exercise.
Next, the effect of chronic exercise on plasma miRNA levels (study 2) was studied in 40 ambulatory patients with CKD stages 3 and 4. They were randomized into a 12-wk aerobic training program [exercise training (ET); n ϭ 19] or usual care (UC; n ϭ 21) as part of a single center randomized controlled trial (41) . A CPET was performed at baseline and after 12 wk, and blood was sampled before the CPET. In a subgroup of patients (ET: n ϭ 13, UC: n ϭ 9), venous blood was sampled both at rest and 10 min after peak exercise, baseline, and at 12 wk follow-up (Fig. 1) .
For both studies, diagnosis of CKD was based on the estimated glomerular filtration rate (eGFR) using the CKD-EPI (Chronic Kidney Disease Epidemiology Collaboration) formula (17) and/or the presence of kidney injury, as recommended by the National Kidney Foundation's Kidney Disease Outcomes Quality Initiative guidelines (22a). The following exclusion criteria were applied: history of overt cardiovascular disease, pregnancy, renal replacement therapy, age Ͻ18 yr, treatment with immunosuppressive or oral anticoagulation therapy, and active malignant disease. The studies were approved by the ethics committee of the Antwerp University Hospital and conformed to the principles outlined in the declaration of Helsinki. Inclusion took place between April 2012 and July 2014. Written, informed consent was obtained from all participants.
Acute exercise: CPET. A maximal symptom-limited CPET was performed on a bicycle ergometer (Cardiovit CS-200 Ergo-Spiro, Schiller AG, Baar, Switzerland). An individualized ramp protocol, starting with either 20 or 40 W and an incremental load of 10 or 20 W/min was chosen to ensure an optimal exercise duration of 8 -10 min. Twelve-lead ECG was recorded continuously, and blood pressure was measured every 2 min. Breath-by-breath gas exchange measurements allowed online determination of ventilation, oxygen uptake, and carbon dioxide production. Peak oxygen consumption (V O2peak) was determined as the highest attained oxygen uptake during the final 30 s of exercise. V O2peak and maximal workload were also expressed as a percentage of the predicted value (%predicted V O2peak, %predicted Watt maximum), according to the nomogram of Hansen et al. (12) . Subjects were encouraged to exercise upon exhaustion, according to the respiratory exchange ratio and identification of the anaerobic threshold (V-slope method).
Chronic exercise: ET. Patients in the ET group underwent a 12-wk home-based aerobic training next to their standard therapy (mainte- Fig. 1 . Study design and sampling moments. A: in study 1, the effect of acute exercise [cardiopulmonary exercise test (CPET)] on plasma microRNA (miRNA) levels was studied in 32 chronic kidney disease (CKD) patients and 12 healthy subjects (HS). B: in study 2, the effect of chronic exercise on plasma miRNA levels was studied as part of a single center randomized controlled trial. In total, 40 patients with CKD stages 3 and 4 were involved, and measurements took place at randomization and after 12 wk of aerobic training [exercise training (ET); n ϭ 19] or usual care (UC; n ϭ 21). In a substudy of patients (ET n ϭ 13; UC n ϭ 9), the effect of chronic exercise on the acute exercise-induced response on plasma miRNA was evaluated to unravel mechanisms for adaptation to exercise. PRE, pre-CPET; POST, post-CPET. nance medication). The program consisted of four daily cycling sessions of 10 min on magnetically-braked home trainers (DKN Mag410B, Belgium) using heart rate transmitters (Polar FT7) to obtain the target heart rate (90% of the heart rate at anaerobic threshold). Adherence was monitored monthly by reviewing heart rates during training and by detailed training logs. Patients in the UC group were given standard therapy, without specific instructions on physical activity. In both groups, medical therapy was unchanged during the study period.
Selection of the miRNA panel. Based on the literature, we initially selected five miRNAs previously implicated in cellular processes underlying exercise adaptation: miR-21, miR-126, miR-146a, miR-150, and miR-210. Additionally, seven miRNAs involved in the same relevant processes were selected (Table 1) .
RNA extraction. EDTA-treated blood samples were centrifuged within 30 min after collection, and plasma was immediately stored at Ϫ80°C. To avoid technical variability, all samples from a given individual were processed and analyzed in a single batch. Stored plasma was thawed on ice and centrifuged at 4°C for 10 min (16,000 g). Total RNA, including miRNA, was isolated from 200-l plasma with the miRNeasy serum/plasma kit (Qiagen, Venlo, the Netherlands). A fixed amount of the synthetic Caenorhabditis elegansmiR-39 was added to the standard volume of 200-l plasma, immediately after lysis with Qiazol, to test for sample-to-sample variation in RNA isolation. Total RNA was extracted using chloroform, ethanol, and spin column and eluted in 15-l RNase-free water.
Targeted quantification of miRNA. Isolated RNA was used for multiplexed reverse transcription of mature miR-21, miR-126, miR146a, miR-150, and miR-210 into cDNA using specific stem-loop primers (Applied Biosystems). Plasma levels of selected miRNA were quantified using real-time PCR via TaqMan probes (Applied Biosystems) in a Bio-Rad CFX96 Real-Time PCR system. Exogenously added Caenorhabditis elegans-miR-39 was used as a spike-in normalization control. Additional miRNAs were quantified in exactly the same way. All reactions and analyses were performed in duplicate. The coefficient of variation accepted for intra-assay replicates was set at 4%. Threshold cycle values were used for relative miRNA quantification using the delta threshold cycle method. Relative miRNA levels were expressed as log (2 Ϫ⌬CT ϫ 100). Fold change of the respective miRNAs was calculated as relative expression postintervention/relative expression preintervention.
Statistical analysis. Continuous data are expressed as means Ϯ SD or SE (miRNA data). Skewed data were logarithmically transformed.
Baseline comparisons were performed using independent sample T-test or 2 test. For correlations, Pearson (r) or Spearman's () correlation coefficients were used.
The response to acute and chronic exercise was assessed by linear mixed-model analysis with the miRNA level as dependent variable and time and group as fixed-effect independent variables. Individual identification was entered as a random intercept, to account for the relatedness between observations within the same individual. To test whether the groups show a different response over time, the significance of the interaction term between time and group was calculated.
All statistical analysis was performed with R, version 3.1.2 (R core team 2014). Linear mixed models were fitted using the add-on package lme4.
RESULTS
Demographic and clinical variables. Demographic and clinical characteristics for study 1 are shown in Table 2 . Patients and HS were matched for age and sex. Severity of CKD ranged from stages 1-5, with the majority in stage 3 (6, 22, 38, 35 , 9%, respectively, for CKD stages 1-5). Both HS and CKD patients performed a maximal exercise test, as was objectified by a respiratory exchange ratio value Ͼ 1.15. Aerobic exercise capacity and maximal workload were significantly lower in CKD compared with HS.
Demographic and clinical characteristics for study 2 are shown in Table 3 . Groups were comparable at baseline, including variables of exercise capacity.
Baseline levels of miRNA in relation to eGFR. All miRNAs were at a detectable level; baseline plasma levels of all miRNA were comparable between CKD patients and HS in study 1 (Fig. 2) . In univariate analysis, a significant correlation was found between miR-146a levels and eGFR, with higher expression levels in more severe renal disease ( ϭ Ϫ0.252, P ϭ 0.050).
Effect of acute exercise. Following a single exercise bout, the plasma expression level of miR-150 was significantly upregulated in both CKD patients (fold change 2.12 Ϯ 0.39, P ϭ 0.002) and in HS (fold change 2.41 Ϯ 0.48, P ϭ 0.018). On the other hand, the expression of miR-146a decreased significantly in CKD patients (fold change 0.92 Ϯ 0.13, P ϭ 0.024), whereas it remained unchanged in HS (P ϭ 0.83) (Fig.  3) . Plasma levels of miR-21, miR-126, and miR-210 remained unaltered in both groups. The acute exercise-induced change in miR-150 levels was correlated with V O 2peak ( ϭ 0.326, P ϭ 0.043). No correlation was found between V O 2peak and changes in miR-146a ( ϭ 0.245, P ϭ 0.192) (Fig. 4) .
Effect of chronic exercise in CKD patients. After a formal exercise training program, V O 2peak (ϩ5.82 ml·kg Ϫ1 ·min Ϫ1 ) and maximal workload (ϩ37 W) improved significantly in the ET group compared with the UC group (P for interaction Ͻ 0.001) (41) . However, training did not result in a significant change of any of the studied miRNAs compared with the UC group (P for interaction Ͼ 0.05, Table 4 ).
Response to acute exercise following exercise training. To evaluate whether the acute exercise-induced changes in miRNA are comparable before and after a 12-wk training period, a linear mixed-model analysis was performed in a subgroup of patients of study 2 (ET, n ϭ 13; UC, n ϭ 9). In a second analysis, the response of miR-17, miR-24, miR-92a, miR-125b, miR-130a, miR-145, and miR-155 was also studied in these patients. Figure 5 presents the fold change in response to acute exercise of miR-21, miR-126, miR-146a, miR-150, as well as miR-125b. Only for miR-210, exercise training resulted in a different response to an acute exercise bout. Whereas an acute exercise bout did not elicit an effect in the UC group, a significant decrease in miR-210 levels following acute exercise was observed in the ET group after the training program was completed (fold change 0.76 Ϯ 0.15, p for interaction ϭ 0.045). Moreover, this acute exercise-induced decrease in miR-210 levels correlated with an increase in V O 2peak ( ϭ Ϫ0.236, P Ͻ 0.05).
In the studied population, plasma levels of miR-150 and miR-125b significantly increase following an acute exercise bout, both at baseline and follow-up. In contrast with the findings of study 1, miR-146a did not decrease following acute exercise in the studied subjects. Plasma levels of miR-17, miR-24, miR-92a, miR-130a, miR-145, and miR-155 remained unaffected by both acute and chronic exercise (data not shown).
DISCUSSION
This study describes the effect of acute (single exercise bout) and chronic exercise (exercise training) on plasma levels of specific vascular-related miRNAs in CKD. In addition, the effect of exercise training on the acute exercise-induced response is studied to unravel mechanisms for adaptation to exercise.
Several new findings emerge from this study: at baseline, plasma levels of miR-21, miR-126, miR-146a, miR-150, and miR-210 are comparable between CKD patients and HS. For miR-146a, an inverse correlation was found between plasma levels of miR-146a and eGFR in univariate analysis. Values are means Ϯ SD or no. (%); n, no. of subjects. CKD, chronic kidney disease; HS, healthy subjects; F, female; M, male; BMI, body mass index; eGFR, estimated glomerular filtration rate; V O2peak, peak oxygen uptake; V O2, oxygen uptake; ACE-I, angiotensin converting enzyme inhibitor; ARB, angiotensin receptor blocker. Acute exercise significantly upregulates plasma levels of miR-150, and this both in CKD and in HS. Next, in CKD patients only, acute exercise results in a significant decrease in miR-146a. Plasma levels of miR-125b significantly increase following acute exercise, both in sedentary and CKD patients.
In CKD patients, chronic exercise results in a significant decrease of miR-210 in response to an acute exercise bout.
Dysregulation of miRNA in CKD. To date, limited information is available on plasma levels of miRNA potentially implicated in the pathophysiology of impaired exercise capacity in patients with CKD.
The group of Neal and coworkers (23) ). Other evidence of lower circulating miRNA levels in CKD came from the study of Chen et al. (7), who found decreased circulating levels of miR-125b, miR-145, and miR-155 (all affecting vascular smooth muscle cell proliferation) with deterioration of renal function in patients with CKD stage 3 and 4.
In the present study, the circulating levels of miR-21, miR-126, miR-146a, miR-150, and miR-210 were comparable between CKD patients (stages 1-5) and healthy controls. Differences in the studied populations (disease severity and comorbidities) could contribute to this finding. While the group of Neal (23) included a considerable amount of end-stage renal disease patients, the majority of patients in the present study suffered from CKD stages 3 and 4. Moreover, they report that the decrease in levels of miR-21 and miR-210 takes place at CKD stage 4 at the earliest. Whereas the study of Chen concentrates on the issue of vascular disease in CKD and, therefore, describes a population with objective CV disease, the present study only investigated patients without cardiovascular disease, which is only a small and very selective subgroup of CKD patients.
In the present study, we focused on vascular-related miRNA, since endothelial dysfunction and arterial stiffness are characteristic features of CKD inferring adverse prognosis. We found a relation between worse renal function and higher plasma levels of miR-146a. miR-146a is an inflammation-associated miRNA and can be induced by different proinflammatory stimuli, such as IL-1␤, TNF-␣, and Toll-like receptors (TLR) (30, 34) . IL-1 receptor-associated kinase-1 and TNF receptorassociated factor-6 have been identified as target genes of miR-146a posttranslational repression, proposed as a negative feedback mechanism of TLR and cytokine receptor signaling (34) . As such, the expression of miR-146a might be part of a mechanism for restraining the excessive production of proinflammatory cyto-or chemokines in inflammatory states, such as CKD. Tissue miR-146a is upregulated in various inflamma- Fig. 3 . Effect of acute exercise on plasma levels of miRNA (study 1). Values are the logRE of the respective miRNA Ϯ SE. Plasma levels of miRNA were quantified immediately before and 10 min after peak exercise in CKD patients (n ϭ 32) and HS (n ϭ 12). In both CKD patients and HS, plasma levels of miR-150 were significantly upregulated following acute exercise (solid line). The expression of miR-146a decreased significantly in CKD patients (shaded dotted-dashed line), but remained unchanged in HS. Plasma levels of miR-21, miR-126, and miR-210 remained unaltered in both groups.
tory human diseases, such as rheumatoid arthritis (18, 22, 25) and atherosclerosis (27) . In a murine model of CKD, miR-146a expression in the kidneys has been associated with the development of interstitial lesions and correlated with inflammatory cell infiltration (14) . As such, the potential of miR-146a as disease biomarker in CKD is promising, but should be validated in larger studies.
Effects of acute exercise. The dynamic regulation of circulating miRNA in response to a single exercise bout could offer insights into the beneficial effects of exercise training. Originating from endothelial, blood, and muscle cells, miRNAs can be released into the circulation, packed into microvesicles or being part of protein complexes, in response to exercise to carry information from one cell to another (1, 26, 46, 49) . As demonstrated in HS, miRNAs are differentially regulated in response to exercise, which suggests a role for miRNAs in (vascular) adaptation to exercise. The prompt regulation of miRNAs within 10 min of maximal exercise might be due to an accelerated posttranscriptional processing of premature miRNA, to an expedited secretion into the circulation or to an aspecific leakage through cell damage (38, 45) . On the other hand, downregulation can be due to uptake of the specific miRNA into recipient cells (e.g., elicited by exercise-induced leukocytosis) or reduced secretion. miR-146a is an inflammation-associated miRNA and can be induced by different proinflammatory stimuli (30, 34) . We showed that there was an inverse correlation between eGFR and miR-146a levels, with higher levels in more advanced renal disease. Interestingly, acute exercise resulted in a normalization of miR-146a levels, at least in study 1. It is possible that this decrease reflects a swift uptake of miR-146a by monocytes with subsequent downregulation of TLR-4 in these recipient cells, but it is clear that this hypothesis needs further exploration (35, 40) . In study 2, the acute exercise-induced decrease in miR-146a could not be confirmed, possibly due to the lower basal plasma levels of these studied patients.
miR-150 is involved in endothelial progenitor cell (EPC) biology, and exercise training is known to beneficially affect the mobilization and migration of EPCs (28, 42) . We observed a significant upregulation of miR-150 after acute exercise, both in HS and patients with CKD. It has been shown that microvesicles isolated from plasma of patients with atherosclerosis contain higher levels of miR-150, and that these microvesicles more effectively promote the migration of human dermal microvascular endothelial cell-1 than microvesicles from healthy donors (50) . In line, miR-150 was found to support the migration and tube formation ability of EPC in vitro and to enhance their homing ability in vivo in a c-Mybfold change miR-146a Values are expressed as the logarithm of the relative expression of the respective miRNA Ϯ SE; n, no. of subjects.
dependent manner (47) . Recently, miR-150 was also found to be a modulator of physiological cardiac hypertrophy in response to exercise (21) . Whether increase of plasma miR-150 levels relates to cardiovascular exercise-induced adaptation, i.e., left ventricular hypertrophy or the increased mobilization of EPCs, remains to be experimentally validated in an in vivo animal model of physical exercise.
Next, we observed a significant increase in miR-125b levels in CKD patients. Low expression levels of miR-125b (both at the plasma and vascular tissue level) have been indirectly linked to the process of osteoblastic differentiation of the vascular smooth muscle cells, resulting in vascular calcification in patients with CKD (7). miR-125b is known to inhibit the Runt-related transcription factor-2-mediated osteoblastic Values are mean fold change Ϯ SE. The effect of chronic exercise on the response to an acute exercise bout was evaluated in 22 CKD patients (ET n ϭ 13; UC n ϭ 9). Only for miR-210, ET resulted in a different response to an acute exercise bout (*P for interaction Ͻ 0.05). Indeed, a significant decrease in miR-210 was seen only in the trained patients. Next, the figure shows a significant increase following acute exercise of circulating miR-150 and miR-125b in the studied population. PR, prerandomization. Effects of chronic exercise. Chronic exercise did not result in a significant change in plasma levels of any of the studied miRNAs. However, the miR-210 response to acute exercise was altered in CKD patients who had completed a 3-mo exercise training program. Hypoxia-inducible factor-1␣ (HIF-1␣) has been identified both as inductor and target of miR-210, suggesting a key role for miR-210 in a negative feedback loop (44) . The HIF signaling cascade mediates the effects of hypoxia at the cellular and tissue level by upregulation of glycolysis enzymes and promotion of VEGF-induced angiogenesis, respectively. At the level of the skeletal muscle, an increase in HIF-1␣ levels is seen after acute exercise, and this effect is blunted after exercise training (20) . The mirror image happens in the circulation, with an absent response to acute exercise of miR-210 and a significant decrease elicited by an acute exercise bout following training.
It is plausible that miR-210 has an essential role in the blunted effect on HIF-1 following training, as the adaptation process could imply rapid uptake by muscle cells of miR-210, leading to a persistent downregulation of HIF-1, also when minimal hypoxic state would be present.
In healthy individuals, higher miR-210 levels are directly related to a lower V O 2peak (6) . This relation was confirmed in our CKD patients: the higher the acute exercise-induced decrease in miR-210 levels, the higher the improvement in V O 2peak after training. Therefore, adaptive mechanisms to a hypoxic state seem to contribute to the beneficial exerciseinduced adaptations, which underlie the increase in aerobic capacity posttraining.
Study limitations. In the present study, the effects of acute exercise were assessed 10 min after peak exercise. Future studies evaluating the time course of miRNA responses to acute as well as chronic exercise might shed more light on the beneficial effects of exercise training and point toward novel therapeutic targets in CKD. However, before we can expect implementation on this level, underlying mechanisms have to be clarified, for example, by loss-of-function models (antimiRNA) in a rodent model of physical exercise.
Conclusion. The findings of this study extend the previous observation in healthy volunteers and athletes by showing that circulating miRNA may also play a role in exercise-induced adaptations in the context of CKD. Our data demonstrate that the expression levels of miR-125b, miR-146a, miR-150, and miR-210 change following acute and chronic exercise, albeit with a differential profile. miR-150 shows similar changes in CKD patients and healthy controls, whereas the change in miR-146a is disease specific. Moreover, we suggest a role for miR-210 in favorable exercise-induced cardiovascular adaptations. Whether these changes in miRNA expression patterns underlie a true mechanistic explanation or may serve as a biomarker of cell damage remains to be elucidated.
